A Co-Ni-based alloy strengthened by c¢-(L1 2 ) precipitates was utilized to investigate the precipitation evolution after various cooling rates and several aging conditions. In this study, the precipitate size and volume fraction have been studied via scanning electron microscopy and transmission electron microscopy. The influence of the precipitation evolution was measured via microhardness tests. The cooling rate study shows a more sluggish c¢ precipitation reaction compared to that observed in a Ni-based superalloy. Following a rapid cooling rate, the application of appropriate double aging treatments allows for the increase of the c¢ volume fraction as well as the control of the size and distribution of the precipitates. The highest hardness values reach those measured on supersolvus cast and wrought Ni-based superalloys. The observed c¢ precipitation behavior should have implications for the production, the heat treatment, the welding, or the additive manufacturing of this new class of high-temperature materials.
I. INTRODUCTION
THE mechanical properties and especially the tensile strength of c/c¢ superalloys strongly depend on the fraction, distribution, and size of the c¢-phase precipitates. Regarding high c¢ fraction wrought Ni-based superalloys, the c¢ precipitation is predominantly controlled by the cooling rate [1] [2] [3] [4] [5] after the solutioning heat treatment. In general, one or two aging treatments are then applied to adjust the c¢ precipitate characteristics. [6] [7] [8] Recently, several research teams have found that Co-based alloys can possibly be strengthened by the precipitation of a L1 2 -c¢ phase based on Co 3 (Al,W). This new phase is the subject of numerous studies since the article of Sato et al. [9] More recently, Indian researchers published a series of articles on Co-based alloys strengthened by the precipitation of the Co 3 (Al, Mo,X) phase (where X is Ta or Nb). [10] [11] [12] [13] [14] Even more recently, a novel Co-Ti-Cr alloy was shown to be strengthened by c¢ precipitates. [15] All these results have attracted great attention of several research groups. Most of the studies on Co-Al-W alloys are dedicated to the improvement of their mechanical properties and environmental resistance by means of alloying in relation to the microstructure. Only few studies focused on the c¢-Co 3 (Al,W)-phase precipitation and more precisely on the coarsening behavior. [16] [17] [18] [19] [20] [21] The current study was performed on a Co-Ni-based alloy, the composition of which was derived from that of a quaternary model alloy studied by Shinagawa et al. [22] The Ni substitution for Co promotes the widening of the c/c¢ domain, the increase of the c¢ solvus temperature, and the decrease of the lattice parameter mismatch between the c and c¢ phases.
The objective of the present study was to investigate the mechanisms of the c¢ precipitation under various heat treatments. We first studied the influence of the cooling rate on the c¢ precipitation, and the results were compared to those obtained jointly on a Ni-based superalloy. Second, we investigated the effects of three aging parameters to optimize the c¢ precipitation and consequently the strength of this Co-Ni-based alloy.
II. EXPERIMENTAL PROCEDURE
The Co-GP-01 Co-Ni-based alloy contains 30 at. pct of Ni, 7 at. pct of Al, and 10 at. pct of W. [22] Minor elements (C, B, and Si) were added to control the grain size and to improve the grain boundary properties (Table I ). The alloy was melted from raw elements by vacuum induction melting and then poured into a metallic mold. A cylinder was machined from the ingot, encapsulated in a steel can, held at 1250°C for 3 hours (supersolvus homogenization heat treatment), and then extruded with a reduction ratio of 10:1. Once the steel was removed, cylindrical samples (10 mm diameter and 10 mm length) were machined from the extruded billet and solution heat treated for cooling rate or aging studies.
A Ni-based alloy was used for the cooling rate study as a reference material. Alloy N18 (Table I) is a powder metallurgy Ni-based superalloy used for production of high-pressure compressor and turbine disks of the M88 turbofan for the Dassault Rafale fighter. [5] Cylindrical samples (10 mm diameter and 10 mm length) were machined out of an isothermal forging disk provided by Safran Aircraft Engine. These N18 samples belong to the same disk studied by Boittin et al. [23] All the heat treatments were conducted in horizontal resistance furnaces. Microstructural investigations were carried out at the center of the specimens. Samples used for scanning electron microscopy (SEM) imaging were polished to a 0.25 lm diamond finish and to a 0.02 lm colloidal silica suspension in a vibratory polisher (Buehler VibroMet 2). Transmission electron microscopy (TEM) samples were prepared via mechanical grinding and polishing of 3-mm-diameter disks. These samples were thinned by electropolishing in a Struers Tenupol-3 polishing unit. The solution used for Co-GP-01 thin foils is (5 pct perchloric acid + 95 pct methanol) at 243 K and 10 to 20 V range and the one used for N18 thin foils is (45 pct acetic acid + 45 pct butyl cellosolve + 10 pct perchloric acid) at 273 K and 10 to 14 V range. Observations were performed using a Zeiss DSM982 Gemini or a Zeiss MERLIN FEG-SEM and a FEI CM20 or a Zeiss Libra 200 FE TEM at 200 kV. The images used for the quantitation of the precipitate sizes and their area fractions are either TEM darkfield images with a h001i zone axis or SEM images acquired near a {100}-type plane. These images were converted to binary images via a combination of manual and automatic coloring techniques using the GIMP-2 and the ImageJ software packages. As the images used for the precipitate size measurements originate from different techniques [SEM secondary electron (SE) or backscattered electron (BSE) and TEM micrographs] and as the precipitate morphology varies, the precipitate size is determined on a different sampling: from 100 area measurements for the study related to the effect of the cooling rate and up to 275 to 1800 area measurements for the study related to the effect of aging. The precipitate size is defined as the weighted mean equivalent particle diameter. The weight of each precipitate is the volume of the spherical particle of same equivalent diameter . This weighting technique is necessary to ensure the relevance of the size measurements in terms of contribution of the precipitates to the size distribution. Vickers microhardness tests were conducted at room temperature on a Buehler OmniMet MHT tester (4.9 or 9.8 N). The hardness value is the average of 48 measurements on an area of about 6 mm 2 .
III. RESULTS AND DISCUSSIONS

A. Influence of the Cooling Rate on the c¢ Precipitation
The cooling rate study was carried out on both alloys Co-GP-01 and N18 to directly compare the c¢ precipitation behavior of a Co-Ni-based alloy and that of a Ni-based superalloy. Alloy N18 was selected as a reference alloy because of its high c¢ volume fraction as a wrought Ni-based superalloy (55 to 60 pct) which approaches the one estimated for alloy Co-GP-01 (60 to 70 pct). As the supersolvus heat-treatment window is narrow for alloy N18 (1195°C to 1230°C [23] ) and wide for alloy Co-GP-01 (~1035°C to 1440°C [22] ), samples of both alloys were solution heat treated for one hour at 1200°C. This supersolvus solution treatment was followed by ice-water quenching, air cooling, furnace cooling, or slow cooling to produce a wide range of cooling rates. As the samples were not instrumented, the precipitation model adapted by Boittin to the supersolvus N18 alloy [24] was used to estimate the various cooling rates from the mean size of the c¢ precipitates. As both N18 and Co-GP-01 samples were cooled together, we estimate the same value of cooling rate for both materials. These results are presented in Table II . The precipitation model is understood to be accurate in a range of cooling rates from 5 to 700 K/ min, [25] so that it should not be surprising that the precipitate size resulting from a 0.33 K/min cooling rate has been calculated by the precipitation model as it was resulting from a 0.16 K/min rate. This factor 2 in terms of cooling rates corresponds to a factor 1.4 in precipitate size, which is quite satisfactory given the fact that the cooling rate is far beyond the accuracy range of the model. Therefore, the estimations concerning the other cooling rates can be regarded as relevant. 
Microstructure
The mean grain size is in the range 40 to 50 lm for alloy N18 and is larger for alloy Co-GP-01 (200 to 250 lm). This difference is mainly due to the material processing.
Alloy Co-GP-01 was cast and extruded, whereas alloy N18 was powder metallurgy processed. This latter process leads to limited grain size growth even after supersolvus solution heat treatment due to prior particle boundaries. [26, 27] TEM was used to characterize c¢ precipitates in ice-water-quenched and air-cooled samples of both alloys due to the fine size precipitation in Co-GP-01 alloy whereas the other microstructures were investigated using SEM. Examples of the c¢-precipitate distributions in N18 and Co-GP-01 alloys are shown in Figure 1 .
The mean equivalent particle diameters of the c¢ precipitates for both alloys and for the four cooling conditions are compared in Table III . In ice-water-quenched N18 (Figure 1(a) ), three populations of c¢ precipitates are observed. The largest population presents a low number density and a particle size of around 150 nm. A second burst of precipitation leads to a high fraction of a second population of finer precipitates (20 to 40 nm), and a third population of very fine precipitates is observed near the larger ones. In ice-water-quenched Co-GP-01 alloy (Figure 1(b) ), only one very fine population of c¢ precipitates is detected. Under the air-cooling condition, two populations of c¢ precipitates are present in N18: a larger population having a mean size of 218 nm and a high particle fraction, and a second population of very fine precipitates (around 10 to 20 nm). Under the same cooling condition, the Co-GP-01 sample contains only one dense and fine population of precipitates. For the slower cooling rates, the same trend is noticed, i.e., the precipitate size is always significantly smaller in the Co-Ni-based alloy ( Figure 2) . No second population of c¢ precipitates is observed for both alloys after the furnace cooling. On the other hand, sparse fine precipitates are observed in the large c channels in N18, and numerous very fine precipitates are present in the narrow c channels in Co-GP-01.
As far as the precipitate morphology is concerned, the first population of precipitates (first burst) in N18 presents a cuboidal shape under the fastest cooling conditions (ice-water quenching and air cooling). With the decreasing cooling rate, the N18 precipitates evolve to octocubes (furnace cooling) and finally to form complex irregular shapes (0.33 K/min cooling) ( Figure 1 ). For the Co-GP-01 alloy, the precipitates are nearly spherical under the fast cooling conditions, and then tend to change to cuboidal shape under the furnace-cooling condition and with a tendency for splitting from the slowest cooling rate.
In some studies of the coarsening behavior of c¢-Co 3 (Al,W) precipitates, the observation of the c¢ precipitation was not carried out after the cooling following the solution heat treatment but rather after the aging treatment. [16, 20] After water quenching, no c¢ precipitation was noticed by Sauza [19] in Co-8.8Al-7.3W and Co-9.7Al-7.1W-2.1Ru (at. pct) alloys and by Xue [28] in two Co-Al-W-Ti-Ta alloys, using a SEM. However, very fine c¢ precipitates were observed in a waterquenched sample of Co-10Al-10W (at. pct) using TEM (2 to 10 nm) [17] and in a water-quenched sample of Co-9.3Al-7.4W (at. pct) using TEM and atom probe tomography investigations (3 to 8 nm). [21] The same result was also observed on quenched Co-10Al-5-Mo-2Nb (at. pct) using TEM. [11] Our TEM investigation on Co-GP-01 ice-water-quenched sample confirms these observations (mean diameter of 10 nm). As for high c¢ fraction wrought Ni-based superalloys, a rapid cooling condition does not prevent the nucleation (and certainly the growth) of the c¢-Co 3 (Al,W) precipitates in these new alloys, even in very thin samples (300 lm thickness). [21] However, this is the first study to examine the influence of cooling rate (in a wide cooling rate range), which clearly shows that the c¢-Co 3 (Al,W) precipitation kinetics are sluggish and lead to a distribution of more dense and finer precipitates than those observed in the reference Ni-based superalloy at a given cooling rate. Indeed, the interdiffusion coefficients close to the precipitation onset temperature are lower for the Co-Ni-based alloy because of its lower c¢ solvus temperature. Other parameters such as c/c¢ interface energy or elastic strains in both phases (due to differences in misfit) could also affect the precipitation kinetics.
Hardness
Hardness tests were performed on samples of both alloys for the four cooling conditions. The results of these measurements are presented in Figure 3 . Once again, it is worth mentioning that the Co-GP-01 alloy behaves differently to the Ni-based superalloy. For alloy N18, the hardness is superior to 400 HV for the highest cooling rates. Then, as the cooling rate decreases, the strengthening decreases. In contrast, for the Co-Nibased alloy, the hardness value is very low for the fastest cooling condition (< 250 HV) and increases to a maximum of 390 HV for the furnace-cooling condition. For the slowest cooling rate, the Co-GP-01 hardness drops close to 350 HV. It is worth noting that Co-GP-01 hardness is superior to that of N18 when the cooling rate is less than 10 K/min.
Discussion
The influence of the cooling rate on the c¢ precipitation and on the hardness of a Co-Ni-based alloy is presented for the first time. These results are directly compared to those jointly obtained for a Ni-based superalloy.
For the N18 superalloy and high cooling rates, the c¢ precipitation kinetics are fast enough to lead to a distribution of precipitates with appropriate sizes to reach high strengthening. As the cooling rate decreases, the hardness substantially drops. It may be assumed that this behavior is due to the observed precipitate coarsening and change of morphology. Their morphology changes from cubes to octocubes after the furnace cooling and to complex shapes after the slowest cooling rate. These changes lead to large matrix corridors containing few fine precipitates, which promote easier dislocation motion.
In contrast, for the Co-Ni-based alloy and high cooling rates, the c¢ precipitation kinetics are sluggish and lead to a distribution of a high density of very fine precipitates. For the ice-water quenching, the low hardness value can be attributed to the presence of precipitates with a mean diameter smaller than 10 nm, which are easily sheared by the matrix dislocations. It can be assumed that the c¢ fraction at the end of the quenching is not at equilibrium as observed by Azzam. [21] As the cooling rate decreases, the c¢ precipitates coarsen but their size is significantly smaller than the N18 ones (3 to 7 times smaller), and their morphology remains close to the cube even after the slowest cooling rate. It can be also assumed that the c¢ fraction at the end of the slower cooling conditions is closer to the equilibrium fraction. The hardness level increases to reach its highest value after the furnace cooling. Up to that cooling rate, the precipitates shearing should become harder (due to the increase of c¢ fraction and to the coarsening of the precipitates), whereas after this point, the dislocations should more easily bypass the coarse precipitates.
In comparison with Ni-based superalloys, alloy Co-GP-01 shows after quenching a more sluggish c¢-phase precipitation reaction associated with low hardness. There are benefits of such behavior during the production, the heat treatment, the welding, or the additive manufacturing of this new class of high-temperature materials to be considered. First, in high c¢ fraction wrought Ni-based superalloys, the application of a rapid cooling, in particular in massive components supersolvus heat treated, could result in quench-cracking or severe shape distortion phenomena. [29, 30] These issues are partly attributed in these alloys to the impossibility to avoid or to limit the strengthening c¢-phase precipitation during the severe quench. The nucleation and growth of extensive cooling c¢ precipitates result in high strengthening and, depending on the part geometry, can act as tensile stresses responsible for quench cracking. Such quench cracks were observed in N18 specimens after oil or water quenching. [25] Second, Ni-based superalloys with high contents of Al and Ti are regarded as non-weldable materials. [31, 32] As the additive manufacturing can be assimilated to a multilayer welding process, its applicability to high precipitation-hardened Ni-based superalloys is deemed to be very challenging. [33, 34] In particular, the susceptibility to strain-age cracking during postwelding heat treatments is promoted by high content of c¢-forming elements, (such as Al, Ti, Ta, and Nb) [31, 35] which results in high c¢ fraction. In such alloys, as IN738LC [36] or N18, the precipitation kinetics are fast, and as a consequence, high cooling rates cannot prevent the nucleation and the growth of a significant percentage of precipitates. The resulting high precipitation hardening can then lead to strain-age cracking. In contrast, alloy 718 is considered to be less prone to this phenomenon due to the more sluggish precipitation kinetics of the strengthening c¢¢ phase. [31, 37, 38] This sluggish precipitation in alloy Co-GP-01 can be partly explained by a higher c/c¢ interface energy than in Ni-based superalloys. The c/c¢ interface energy evaluated in model Ni-Al-Cr alloys is generally in the 10 to 20 mJ m À2 range, [21] whereas the c/c¢¢ interfacial energy was evaluated as 95 mJ m À2 in alloy 718. [39] This value was found equal to 48 mJ m À2 in a low supersaturated Co-Al-W alloy. [21] Moreover, the interfacial energy increases as the c-c¢ lattice parameter misfit becomes larger. Reported lattice misfit values in Co-Al-W alloys are generally larger than those in Ni-based superalloys. This allows the high c¢ coarsening rate to be explained. [17] However, as previously mentioned, the equilibrium c¢ fraction is not attained at the end of the quenching, so the alloy will still undergo nucleation and growth processes during the initial stage of aging. A high interfacial energy will inhibit the increase of c/c¢ interface surface and thus impede the c¢ nucleation and growth processes. [18] 3858-VOLUME 49A, SEPTEMBER 2018
B. Influence of the Aging Step on the c¢ Precipitation
From the first part of the present study, it appears that the c¢ precipitation in the Co-Ni-based alloy Co-GP-01 is more sluggish than that in the Ni-based superalloy N18. The second part of this study focuses on the influences of the aging conditions on the c¢ precipitation in the Co-Ni-based alloy. As the c¢ precipitation in the Co-Ni-based alloy is less dependent on the cooling rate than that in N18, the aging conditions become more deciding for the adjustment of the mechanical properties. Hardness tests and microstructural observations were conducted to investigate the effect of aging temperature and duration or of the application of a double aging treatment.
The aging study was carried out only on the Co-Ni-based alloy Co-GP-01. For this reason, it is no longer necessary to conduct the solution heat treatment at 1200°C which leads to a large grain size (200 to 250 lm). For the aging study, all the samples were solution heat treated at 1050°C for four hours and ice-water quenched. All the aging treatments were also followed by an ice-water quenching. A recrystallized microstructure with a mean grain size close to 50 lm was thereby obtained. The same sample geometry was used as in the cooling rate study, and as no c¢ precipitation was observed after quenching using SEM investigation, it is expected that the c¢ precipitates are very fine (close to 10 nm).
Effect of the aging temperature
After solution heat treatment, a single aging treatment was carried out in the 650°C to 1000°C range for 24 hours. The strengthening of the material was assessed by Vickers hardness testing subject to a 1 kg load (Figure 4) . These results show that the hardness peak is reached at 800°C for an aging duration of 24 hours.
These hardness data were completed with TEM and SEM observations of the c¢ precipitation ( Figure 5 ). It appears that the c¢ precipitates undergo an extensive range in terms of particle size, shape, and fraction. For the lowest aging temperatures (650°C to 750°C), the c¢ precipitates present a size of few dozens of nanometers with a spherical morphology and a high fraction. Beyond 900°C, the c¢ fraction begins to diminish, and the precipitates coarsen to several hundreds of nanometers with rounded cube shape. In the 800°C to 900°C range, the c¢ fraction is still high, but the precipitate size increases to few hundreds of nanometers. The precipitates have generally a cuboidal shape but lower order of symmetry morphologies are observed such as ''L'' or more complex ''Tetris-like'' shapes ( Figures 5(b) and (c)).
The c¢ area fraction and precipitate size were measured on samples aged between 800°C and 1000°C for 24 hours (Figure 6 ). The precipitate size (mean diameter) increases from 112 nm at 800°C to 545 nm at 1000°C, whereas the c¢ area fraction decreases from 63 to 31 pct.
Effect of the aging duration
The influences of the hold time of aging were studied at 800°C, 900°C, and 1000°C on samples previously solution heat treated (1050°C for four hours and ice-water quench). The aging durations were 24, 96, and 192 hours. The evolution of the hardness for these different aging states is presented in Figure 7 .
SEM-FEG observations were carried out to investigate the c¢ precipitation stability and the evolution of the c¢ fraction and precipitate size (Figures 8 and 9) .
The microstructure essentially consists of c¢ precipitates embedded in the c matrix, and some fine precipitates (bright in BSE imaging) are noticed in grain boundaries. A preliminary analysis of these intergranular particles (in a Zeiss Libra Ò 200 FE equipped with energy-dispersive X-ray spectroscopy and electron energy loss spectroscopy) points out a W-rich phase with boron. No new phase was detected after 96 or 192 hours compared with the 24-hour aging. At an aging temperature of 800°C, the precipitate size and the c¢ fraction both slightly increase with time. The influences of these two phenomena balance each other out and lead to a stable hardness level. At 900°C, the precipitate coarsening is accelerated, but here the c¢ fraction increase is not sufficient to avoid the hardness decline. For the highest aging temperature, both the decrease of the c¢ fraction and the rapid rise of the precipitate size are observed. However, the hardness value is unchanged on this time range. It seems that for these severe conditions, the precipitation hardening is no more effective and that this hardness level matches with the matrix strengthening.
Effect of a double aging
For the great majority of studies on Co-based c/c¢ alloys, a single aging treatment is applied after the solution heat treatment. A double aging treatment was identified in only one article [40] but without studying its influence on the microstructure or on the strengthening. For polycrystalline Ni-based superalloys, up to four aging treatments are industrially carried out. [41] In general, two aging sequences are applied with the second aging treatment temperature lower or greater than the first one. In order to further increase the strength of alloy Co-GP-01, we applied double aging treatments with the second aging treatment temperature of 100°C or 150°C lower than the first one (Table IV) .The first aging temperature is in the range 800°C to 1000°C. The aging duration of each aging treatment is of 24 hours. The hardness data for these different double aging treatments are presented in Figure 10 .
The application of a double aging treatment systematically leads to an increase in the hardness compared with the related single aging treatment (Figure 10 ). When the second aging is carried out at 100°C below the temperature of the first aging treatment, the hardness increases in the range from 10 to 20 pct, and this benefit goes up to 10 to 30 pct when the second aging treatment is applied at À 150°C (especially for the high-temperature first aging treatment). The double aging with ''850°C/24 hour + 700°C/24 hour'' treatment gives the highest hardness value of 427 HV which is close to those measured on supersolvus C&W (cast and wrought) Ni-based superalloys. SEM-FEG or TEM observations of the c¢ precipitation were performed on some double aging-treated specimens (Figure 11) .
The c¢ fraction and precipitate size were measured on samples double aged under ''800°C/24-hour + 700°C/24-hour'', ''950°C/24-hour + 800°C/24-hour'' and ''1000°C/24-hour + 850°C/24 hour'' treatments ( Figure 12 ). For the low-temperature aging treatment, the c¢ precipitate morphology is unmodified (Figures 11(a) and (b)) and their size and fraction slightly increase compared with the microstructure observed after a single aging treatment (Figure 12 -800°C first aging temperature). Fine c¢ precipitates were detected by means of TEM observations only for treatment with a first aging at 900°C and higher (not presented). At 900°C and 950°C, very few and fine precipitates were observed in the largest matrix channels. After a first aging treatment at 950°C, the coarse c¢ precipitates are rounded cuboidal shaped (Figure 11(c) ). The application of a second aging treatment at lower temperature leads to notable differences: first, the c¢ fraction increases significantly and the precipitates present a more aligned and regular distribution (Figure 11(d) ). A slight decrease of their mean size is measured ( Figure 12) .
A more dramatic evolution is noticed between the single aging treatment at 1000°C and the related double aging treatment (second aging at 850°C) (Figures 11(e) and (f)). The area fraction of coarse precipitates evolves from 31 pct for the 1000°C/24-hour aging treatment to 46 pct for the 1000°C/24-hour + 850°C/24-hour aging treatment. Moreover, the application of the second aging at 850°C produced a microstructure with a c¢ bimodal precipitation. This second population in the large c channels has a mean size of 120 nm and an area fraction of 16 pct. The coarse and fine precipitates have a total c¢ area fraction of 62 pct. This is equal to that obtained after a single aging treatment at 850°C for 24 hours. And this is twice the area fraction measured after a single aging treatment at 1000°C for 24 hours. Again, the coarse precipitate population exhibits a more aligned and regular distribution after the application of the second aging treatment.
Discussion
In this second part of this study, the influences of the temperature and duration of a single aging treatment were investigated as well as those of a double aging treatment. Hardness measurements were collected and, when possible, correlated to microstructural investigations. The c¢ area fraction and precipitate size were quantified. High c¢ fraction and fine precipitate size are required for high mechanical strength. It is assumed that the mobility of the dislocations is governed by the width of the matrix c channels. [7, 42] When this dimension is large, dislocations can move easily by gliding through the matrix channels resulting in poor mechanical properties. In contrast, when the channel width becomes smaller, dislocations have to propagate via c¢ shearing processes which are more energy-consuming processes. In order to quantify the effect of the width of the matrix channels on hardness, this dimension was calculated An ice-water quenching was subsequently carried out after each heat-treatment step. through a basic assumption. A two-dimensional pattern of perfect cube-shaped c¢ particles was used to calculate the mean channel width for each aging treatment (only microstructures without fine second precipitation were used). With this geometric arrangement, the channel width L is defined as
where e is the average edge length of the c¢ precipitates (calculated from the particle area) and f is the c¢ area fraction. Despite this being basic approach, the link between hardness and the channel width is clearly established (Figure 13) . A rapid decrease is noted between channel widths of 10 and 100 nm, which is experimentally observed in the aging-temperature and in the double aging studies. For the aging duration study, the steady hardness level noticed at 800°C can be directly linked to the slight variation of the channel width (17 to 26 nm). At 900°C, the channel width almost doubles, and the hardness moderately decreases (8 pct). At 1000°C, the channel widening is even more marked, but the hardness level remains relatively constant. As the c¢ solvus temperature of Co-GP-01 is 1035°C, it is assumed that at 1000°C, the precipitation strengthening is no longer effective, and only the matrix hardness is measured. The c¢ fraction was extracted from the calculated phase diagram of Co-GP-01 alloy without minor elements, using Thermo-Calc software with TCNI8 database. As this new family of materials seems not well documented in the database, it was necessary to consider only c and c¢ as possible stable solid phases for the calculation. The temperature was also shifted of 65°C to fit the experimental c¢ solvus temperature ( Figure 14) .
The calculated curve fits well with the experimental values obtained for the longest aging treatment (aging duration of 192 hours). It is worth noting that the c¢ fraction curve drops more noticeably for the Co-Nibased alloy than for the Ni-based superalloy. It means that Co-GP-01 alloy keeps a higher c¢ fraction as the service temperature comes close to its c¢ solvus temperature than N18 alloy. Finally, this calculation shows that the equilibrium c¢ fraction between 750°C and 850°C is ranging from 65 to 67 pct. This computed value is close to the area c¢ fraction measured after a single aging treatment applied in this temperature range (Table V) or after a double aging treatment with the second step in this temperature range.
IV. CONCLUSIONS
The c¢ precipitation evolution and hardness behavior of the Co-Ni-based alloy Co-GP-01 after different heat treatments have been examined. Regarding the cooling rate and the aging parameters, the following conclusions can be drawn based on the obtained results:
1. In comparison with a high c¢ fraction wrought Ni-based superalloy, the application of a high cooling rate to a Co-Ni-based alloy results in much finer c¢ precipitates. This more sluggish c¢ precipitation reaction is related to a low hardening. This precipitation behavior should give benefits during the production, the heat treatment, the welding, or the additive manufacturing of this new class of high-temperature materials. 2. After a rapid cooling rate, high hardness can be reached through appropriate single-or double aging treatments. These hardness values are similar to those measured on supersolvus C&W (cast and wrought) Ni-based superalloys. A monomodal or a bimodal c¢ population can be achieved according to the aging parameters. In the same way, the total area c¢ fraction can reach up to 60 to 70 pct. The c channel width can be then adapted to reach the targeted mechanical properties. These results show that the microstructure and so the hardness can be adjusted through the aging parameters. It is easier to control the microstructure, in particular for large components, because the Co-Ni-based alloy is much less sensitive to the cooling rate.
